Abstract Government legislation and public opinion are the main drivers behind the movement of manufacturing companies towards sustainable production. Fundamentally, companies want to avoid future financial penalties and the industry is therefore under pressure to adapt new techniques and practices in order to become environmentally friendly. The cost efficiency of metal cutting operations is highly dependent on accuracy, excellent surface finish and minimized tool wear and, to this end, has traditionally made abundant use of cutting fluid in machining operations. However, these cutting fluids have been a major contributor to environmental and health issues. In recent years, an enormous effort to eradicate these adverse effects has been made with one important focus being the implementation of minimum quantity lubrication (MQL). In the present work, the authors have reviewed the current state of the art in MQL with a particular focus on drilling, turning, milling and grinding machining operations. Overall, it is concluded that MQL has huge potential as a substitute for conventional flood cooling.
Introduction
The effectiveness of traditional machining processes is highly dependent on the presence of cutting fluid in order to decrease cutting temperatures and cutting forces. Unfortunately, these cutting fluids are well known to cause environmental and health issues. In an effort to eradicate these adverse effects, several avenues of research have been explored with one major focus being that of minimum quantity lubrication (MQL) which is also known as neardry machining (NDM) [1, 2] or micro-lubrication [3] . The first use of the phrase "minimum quantity lubrication" in the literature appears to have been by Weck and Koch in 1993 in relation to the lubrication of bearings [4] . Following this, the first research on MQL relating to machining operations was in 1997 for grinding [5] and shortly afterwards for cutting [6] . Figure 1 shows the rapid growth in MQL publications since the early 2000s with more than 100 articles being published during 2015 as compared to just one article in 2000 [7] . The growth in patents related to MQL has also shown a similar trend with the first patents being granted in the late 1990s and more than 400 patents having been granted to the present time. MQL was initially considered with regard to contact lubrication, e.g. roller bearings [8, 9] and piston rings [10, 11] , but since the early 2000s has tended to focus on lubrication in machining processes. Increasing research has been conducted into its effectiveness when used for difficult-to-machine materials such as titanium with more than 80 articles having been published in this area since 1999 [12] .
MQL has been receiving worldwide attention due to its low oil consumption and general provision of excellent machining performance, which has been reported to be comparable to that of traditional flood cooling, if not better [13] [14] [15] . The quantity of lubricant used in MQL was found to vary considerably between various studies. For example, according to Tschätsch and Reichelt, the range of cutting fluid consumption is between 50 ml/h and 2 l/h [16] whereas other studies have reported even lower amounts of 10-100 ml/h [17] [18] [19] , which is still extremely low compared to conventional flood cooling, where the typical rate is approximately 1200 l/h [19] . Typically, MQL is presented to the cutting zone via an atomized spray, allowing the lubricant to enter the cutting interface. The amount of lubricant entering the interface may be adjusted by altering a single air source. Evaluation of the MQL with respect to flood end milling by M. Rahman et al. [20] showed that 25,260 ml/h liquid coolant could be replaced by 8.5 ml/h vegetable oil with comparative effectiveness. The purpose of this review is to provide readers with a clear understanding of the feasibility of MQL as a substitute for conventional flood cooling in machining operations.
The increasing interest to further improve MQL has given rise to new technologies that complement the machining process, e.g. the inclusion of nanoparticles in MQL fluids [21, 22] and the combination of cooled air with MQL [23] . More than 50 articles have been published on MQL incorporating nanoparticles since 2008 [24] with a continuing rise in publications which confirms the ever-growing attention that MQL has received in the past years.
Out of nearly 600 papers considered by the authors during the course of this work, more than half were focussed on the four main types of machining, namely, drilling, turning, milling and grinding. It should be noted that whereas the term machining is normally limited to drilling, turning and milling operations, the influence of MQL on grinding was also considered in this work due to the process control issues being similar together with the presence of chip formation. Of these four main categories, grinding was the most popular (29%) and followed by milling (26%) and then turning (24%) and drilling (21%). This demonstrates that the MQL studies were distributed relatively evenly in terms of machining types, which, once again, confirms the high applicability of MQL.
Economic concerns
The high consumption of cutting fluids results in extremely high costs worldwide. For example, the cost of purchasing and disposing of cutting fluids in the USA has been estimated at 48 billion dollars per year [25] . In Germany, the cost has been estimated at 1 billion German Marks [26] whereas the associated cost in Japan is 71 billion yen per year including 42 billion yen just for disposal costs [27] . The high cost of cutting fluids is further confirmed by claims reported from various companies. For example, it was reported that the management of cutting fluid or coolant costs more than four times that of the cutting tools and represents at least 16% of the product cost [28, 29] . This surprisingly high price is supported by studies made by different countries including America, Germany and Spain [30] . The factors that contribute to the high cost include system costs, personnel costs for material monitoring and maintenance, in addition to investment costs for splitting plants and water purification [31] . Further costs are also incurred in the process of drying wet chips as recyclers only accept dry chips [28] . Manufacturers who are able to save on cutting fluid costs and its associated equipment, in addition to the production of clean chips, can reap the benefits of extra profits. For example, according to Unist Inc. [32] , one of their customers reported that the company earned an extra 10 cents per kilogramme of dry chips when compared with wet chips. It is apparent considerable savings can be made by machining dry or near dry condition. To repeat the benefits of NDM, it is necessary to have good knowledge of the cutting process, which is explained in [33] .
In order to achieve lubrication in dry machining conditions, researchers have examined the application of coated cutting tools, with it being agreed that dry machining is possible in the presence of appropriate tool coatings [34, 35] . For example, Dudzinski et al. studied the developments towards dry and high-speed machining of Inconel 718 alloy and concluded that, with the application of physical vapour deposition titanium aluminium nitride (PVD (Ti, Al)N)-coated tools, dry cutting of Inconel 718 at higher cutting speeds up to 100 m/min was achievable [36] . While dry machining is applicable in the turning and milling operations of most materials, dry drilling remains an issue. This is supported by a summary made by Kutz [37] on the applicability of dry machining based on machining processes and workpiece materials. The main problem associated with dry drilling is the clogging of chips in the drill flutes, which can result in drill failure. This phenomenon was clearly shown in an experiment by Dasch et al. where the absence of a cooling effect during the dry drilling of aluminium produced temperatures in excess of 350°C, which would soften the aluminium and also compromise many carbon-based coatings [38] . Furthermore, many of the drill flutes eventually became clogged with aluminium and the drilling torque increased leading to drill fracture. Such a result Fig. 1 Number of papers published on "minimum quantity lubrication" [7] 
